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Molecular Sliding Filament Model for Muscular Con-
traction based on Multiscale Investigation 
Tong Li*, Yuantong Gu, Adekunle Oloyede 
School of Chemistry, Physics and Mechanical Engineering, Queensland University of Technology, Brisbane, QLD, 
4001, Australia 
A multiscale approach that bridges the biophysics of the actin molecules at nanoscale and 
the biomechanics of actin filament at microscale level is developed and used to evaluate 
the mechanical performances of actin filament bundles. In order to investigate the con-
tractile properties of skeletal muscle which is induced by the protein motor of myosin, a 
molecular model is proposed in the prediction of the dynamic behaviors of skeletal muscle 
based on classic sliding filament model. Randomly distributed myosin motors are applied 
on a 2.2μm long sarcomere, whose principal components include actin and myosin fila-
ments. It can be found that, the more myosin motors on the sarcomere, the faster the sar-
comere contracts. The result demonstrates that the sarcomere shortening speed cannot 
increase infinitely by the modulation of myosin, thus providing insight into the self-
protective properties of skeletal muscles. This molecular filament sliding model provides a 
theoretical way to evaluate the properties of skeletal muscles, and contributes to the un-
derstandings of the molecular mechanisms in the physiological phenomenon of muscular 
contraction. 
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1. INTRODUCTION
1 
The contraction of skeletal muscle is due to mechanis ms 
that generate relative sliding forces between partially  
overlapping arrays of actin and myosin filaments
1
. The 
interaction between actin and myosin (motor protein) has 
been proposed to be the driving force for muscular con-
traction
2-4
. However, this classic sliding filament model is 
inadequate to quantify the mechanical properties of skele-
tal muscles during muscular contraction. In order to un-
derstand the mechanisms of muscular contraction, the 
quantification of the contractile  force and the stroke size  
caused by myosin motion  have been subject of focus for 
decades
5-7
. The contractile force generated by each myo-
sin motor is around 6pN
8
 with a stroke size up to 30nm
9
. 
Recently, Gabriella, etal, reported that, the skeletal muscle 
performance is determined by the modulation of myosin 
motors number, rather than the motor force or stroke size
8
. 
This research extends our understanding of the dynamic 
motion of actin filament bundles in skeletal muscle. 
Hence, more detailed molecular level muscular contrac-
tion mechanisms should be studied to facilitate further 
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understanding of the role of this physiological phenome-
non at the microscale level. 
According to the discoveries in complex in-v ivo cell me-
chanics, a better understanding of physiological behaviors 
is necessary as complementary knowledge to in-vit ro cell 
biomechanics
10
. Due to the difficu lties in  the in-v ivo cell 
experiments, biophysical models at nanoscale level, based 
on physical concepts, have been proposed to explain the 
mechanical performance of protein networks in  living  
cells. Molecular dynamics (MD) method has been widely  
adopted to evaluate the properties of protein  filaments
11, 12
. 
However, as atomistic molecu lar dynamics simulation is 
computationally t ime-consuming, coarse-grained molecu-
lar dynamics (CGMD) models have been proposed to 
analyze the biomechanical features of protein filaments
13-
15
. The principal components of skeletal muscle include 
thin actin filaments and thick myosin filaments. In the 
classic sliding filament model, actin filaments are the con-
tractile elements while myosin filaments providing the 
driving force for the contraction. A specific CGMD model 
of actin  filament based on multiscale investigations of 
actin molecules interactions is adopted in this paper to 
reveal the mechanical behaviors of skeletal muscle unit : 
sarcomere. The biological functions of myosin motors are 
simplified as dynamic loads applied to the sarcomere. The 
sliding interaction between actin  filaments and myosin 
filaments are of the same mechanical properties according  
to experimental findings
8, 9
.  
2. CGMD MODEL OF ACTIN FILAMENT  
Fig.1(a) shows the ‘Oda 2009’ F-act in model16 (pdb ID: 
2ZWH) which is used to investigate the interaction be-
tween adjacent actin clusters. The multiscale model for 
actin filament is proposed based on these interactions be-
tween neighboring actin clusters and the properties of the 
model are extracted from the results of MD simulations, 
as shown in Fig.1 (b). The ensuring model is used to in-
vestigate the behavior of a two-dimensional actin filament  
bundle, as shown in Fig.1(c). 
 
Fig. 1 The multiscale approach for actin filaments. a: Actin clus-
ter which contains two ‘Oda 2009’ actin model. b: A single F-
actin built from ‘Oda 2009’ actin model following the nature 
from globular actin to filamentous actin16. c: Sarcomere model 
built from actin filament bundles. 
Every two neighboring actin monomers from different  
helical chains are constituted as one particle for simplifi-
cation. The equilibrium distance between adjacent parti-
cles is 5.53nm according to the crystallography of F-actin 
from X-ray diffraction experiments
16, 17
. The MD simula-
tions were performed with MARTINI
18, 19
 force field in-
stead of full atom MD simulat ion to save computational 
cost. All molecular simulat ions are performed on  
GROMACS
20
. The force-d isplacement relat ionship for the 
actin filament is provided in Fig.2.  
 
Fig. 2 The force-displacement relation between actin clusters 
from the tensile and compression numerical simulations. In the 
compression region, there is a stiffness transition at 5.51 nm. 
The balance distance for the whole curve is 5.53 nm. In the ten-
sion region, there are two stiffness transitions respectively at 
5.55 nm and 5.56 nm. 
3. MOLECULAR SLIDING FILAMENT MODEL 
Electron-microscopy 
21
 has revealed that, striated skeletal 
muscle consists of a single set of longitudinal filaments 
that extends continuously through each sarcomere. Each  
sarcomere starts with one Z disk and ends at the next Z 
disk. Hence, our model focuses on only one sarcomere in  
the continuous skeletal muscle, from which the perfor-
mances of the skeletal muscle is derived. Every sarcomere 
contains an H zone, where there is no actin filaments, 
leaving only myosin filaments  as the structural component. 
Fig.3 shows the structure of a striate sarcomere and the 
mechanis m of the slid ing filament model for muscular 
contraction. In the classic sliding filament model, the my-
osin heads (in purple) on myosin filament (in cyan) drag  
the actin filament (in red) towards the H zone, resulting in  
the shortening of the sarcomere.  
 
Fig. 3 Diagram of the structure of sarcomere, which contains  
both thick myosin filament and thin actin filament, and the my o-
sin head induced sliding-filament model of sarcomere contrac-
tion. For convenience of representation, the structure is drawn 
with only one sarcomere which ends with Z disks. The dash-dot 
circle represents the hypothetical cross section of sarcomere. 
The interaction between myosin head and actin filament is 
crucial to the understanding of the molecular mechanis ms 
underlying muscular contraction according to the classic 
sliding filament model. Gabriella, etc. reported that, the 
contractile properties of skeletal muscle are determined by 
the modulation of myosin number, rather than the force 
generated or the stroke size caused by myosin. The force 
generated by each protein motor is approximately 6pN
8
 
and the stroke size is around 6nm. The most recent re-
search provided crystallographic details at nanoscale for 
myosin-actin interaction
22
. The crystallography of rigor 
actin-tropomyosin-myosin complex (pdb ID: 4A7F) is 
provided in Fig.4. The myosin heads and actin filament  
are within the scope of van der waals and Coulomb inter-
actions. Complex domain  motions only occur in myosin
22
, 
which fu rther verifies that it is the myosin head motion  
which triggers the muscular contraction by dragging the 
actin filament towards H zone in the molecular sliding  
filament model. 
 
Fig. 4 The crystallography of rigor actin-tropomyosin-myosin 
complex. The purple protein clusters represent myosin heads 
from the myosin filament; the red protein clusters represent a 
part of the actin filament (five actin molecules in this example); 
the silver protein cluster represents tropomyosin filament which 
is not discussed in our current model.  
It should be noted that, the tropomyosin filament a lso 
plays a role in the mechanical performance of the actin  
bundle. However, our model only considers the mechani-
cal performances for pure actin filament as tropomyosin 
does not exist in all skeletal muscle
23
. Future study which 
focuses on the mechanical performances of actin fila-
ments with tropomyosin should be conducted to adapt our 
molecular model to the predict ion of behaviors of those 
tropomyosin containing skeletal muscles. 
 
Fig. 5 Molecular filament sliding model for muscular contrac-
tion. The length of this typical sarcomere is assumed to be 
2.2μm. The myosin motors are uniformly distributed on the 
sarcomere, and 10% of the actin clusters are attached by myosin 
motors. The distance between neighbouring actin clusters is 
5.529nm.  
The biophysical properties of the myosin head mot ion is 
quite complex as this physiological process is related to 
the chemical environments. In our particle method based 
molecular model, these chemical backgrounds are includ-
ed by the phenomenological mechanical mot ions, which  
can be determined experimentally
8, 9, 22, 24
. Fig.5 shows the 
molecular sliding filament model, which is based on the 
aforementioned multiscale investigation of actin fila-
ment’s mechanical p roperties and the experimental results 
of myosin head motions. 
The mechanical and bio logical performances of sarcomere 
would vary with the sarcomere length, and typical sarco-
mere is of a length between 1.8μm and 2.3μm2, 25. In order 
to study the physiological phenomenon of muscular con-
traction, the length of sarcomere in our model is assumed 
to be 2.2μm. However, the sarcomere length in  our model 
is adjustable according to real problems. The largest scale 
of atomistic actin filament modeling cannot exceed hun-
dreds of nanometers due to the enormous computational 
cost
12
. With this molecular sliding filament model, the 
simulation could be performed  at microscale level, while  
the actin filament still follows nanoscale biophysical fun-
damentals. The attachment rate of myosin motors on the 
filament has dependency on the chemical environments of 
the sarcomere according to experiments
8
. In order to sim-
plify the modeling, myosin motors are randomly distribut-
ed on the actin bundle in our model. However, this ran-
dom distribution would result in the uncertainty of the 
dynamic behaviors of sarcomere, and the distribution of 
myosin motors should be considered during modeling. 
Noting that the chemical nature of the myosin motor dis-
tribution is complex, we acknowledge that the assumption 
in our model that myosin motors are uniformly  distributed 
on the actin bundle could be a significant idealization. 
Thus, further analysis should be conducted in the future to 
determine the effect of this idealizat ion relative to the 
physiological responses of this system.  
4. CASE STUDY AND DISCUSSION 
In order to validate the adequacy of this molecular sliding  
filament model, d ifferent hypothetical cases were studied 
in this research. As was mentioned before, the myosin 
triggered mechanical motion of actin clusters can be quan-
tified experimentally. From a classic myosin head motion 
study, we can find that a single myosin head moves to-
wards the H zone by 5.3nm in 20ms on sarcomere
9
. 
Therefore, in our molecular slid ing filament model, we 
define a constant velocity for the actin clusters which are 
attached by myosin motors besides their thermal dynamic 
motions. Th is velocity is 0.265nm/ms, which  is consistent 
with earlier findings
8
. The CGMD simulations are per-
formed on LAMMPS
26
. The potential field proposed in 
section 2 is adopted to describe the mechanical perfor-
mance of actin filament bundles . The simulations are tak-
en in microcanonical ensemble (NVE), and the tempera-
ture is controlled  at 303K by using Langevin dynamics
27
 
algorithm, which implicit ly incorporates the friction from 
solvent.  
Five d ifferent simulations with 2%, 4%, 6%, 8% and 10% 
of the actin clusters attached by myosin heads respectively 
are represent cases 1 to 5 (Figs.6 and 7). The sarcomere 
shortening speed can be extracted from our molecular 
sliding filament model. Fig.6 shows the sarcomere length 
change relative to simulation time during muscular con-
traction in the aforementioned sarcomere models. 
 
Fig. 6 The length of sarcomere with different myosin motor 
number during muscular contraction. 
 
Fig. 7 The shortening speed of sarcomere with different myosin 
numbers during the muscular contraction. 
The shortening speed of sarcomere increases during the 
muscular contraction and becomes  reliable after 80µs. It  
can be seen that the more myosin motors are attached to 
the actin filament bundles, the faster this sarcomere con-
tracts. The speed increase for sarcomere from case 4 to  
case 5 is not as large as the increase from case 1 to case 2, 
while the same amount of myosin motors are added to the 
simulation systems. This means that the shortening speed 
of sarcomere cannot increase infinitely by the modulation 
of myosin motors, which also verifies the self-protective 
properties of skeletal muscle. The skeletal muscle would  
adjust its contractile properties by the modulation of myo-
sin motors, while preventing itself from being ruptured 
due to biological changes. 
It should be noted that future studies can be conducted to 
understand the roles that sliding force and stroke size play  
in muscular contraction by using this new molecu lar slid-
ing filament model. 
5. CONCLUSION 
In this paper, a new molecular slid ing filament model is 
proposed based on classic sliding filament model and  
multiscale investigation of the mechanical properties of 
actin filaments. The mechanical behaviors of skeletal 
muscle due to the modulation of myosin motors are theo-
retically analyzed with this new model. From the above 
studies, the following conclusions can be drawn: 
 The mechanical properties of actin filaments can 
be evaluated by multiscale analysis from micro-
scopic point of view. 
 A new molecu lar slid ing filament model is pro-
posed to evaluate the microscale mechanical 
properties of skeletal muscle during muscular 
contraction. 
 With this molecular sliding filament model, the 
relations between the modulation of myosin mo-
tors and the sarcomere shortening speed can be 
quantified. 
 The shortening speed of sarcomere cannot in-
crease infinitely by the modulation of myosin 
motors, which exp lains the self-protective prop-
erties of skeletal muscle. 
In conclusion, this molecular sliding filament model is 
efficient in predicting the dynamic behaviors of sarcomere 
that is crucial to the understandings of the contractile  
properties of skeletal muscles. This molecu lar model pro-
vides a new means of investigating the mechanisms of 
muscular contraction from the microscopic point of view. 
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